The discovery of immune checkpoint inhibitors (ICIs) such as programmed cell death protein 1 (PD-1) inhibitors, nivolumab and pembrolizumab, and programmed cell death ligand 1 (PD-L1) inhibitors, atezolizumab and durvalumab, has revolutionized the treatment of advanced non-small cell lung cancer (NSCLC). Concurrent radiotherapy (RT) is of particular interest with regard to the potential role for this combination in many settings. The purpose of this commentary is to evaluate the potential for the combination of immune checkpoint inhibitors and radiotherapy, including analysis of studies that have considered this combination in various settings.
Immunotherapy in patients with advanced non-small cell lung cancer (NSCLC) has revolutionized the treatment of the disease in many settings. Radiotherapy, for both cytoreductive and palliative purposes, remains a powerful weapon for patients with stage IIIB and IV NSCLC.
The effect of ionizing radiation on tumor cells and on the microenvironment, inducing the presentation of tumor antigens on dendritic cells in order to stimulate the response of the immune adaptive system, has garnered particular interest during this period, especially considering the potential combined activity with immunotherapy [1] .
There is a strong rationale for combining radiotherapy and immune checkpoint inhibitors. RT enhances the expression of major histocompatibility complex I (MHC I) on the surface of tumor cells, which promotes immunogenic tumor cell death [2] . Otherwise, the tumor is normally characterized by an immune-suppressive microenvironment. Upregulated expression of immune checkpoint ligands in tumor cells is a known immune resistance mechanism [3] . The same radiation treatment can up-regulate programmed cell death ligand 1 (PD-L1), PD-L2, and cytotoxic T-lymphocyte antigen 4 (CTLA4), favoring the effect of specific antibodies [4] . Furthermore, tumors can resist immune elimination by upregulating the expression of PD-1 on tumorspecific regulator lymphocytes that consequently inhibit anti-tumor immune responses [5] .
Radiotherapy can mediate both negative and positive effects on the tumor. It can recruit immunosuppressive myeloid cells that directly promote tumor growth, contributing to an immunosuppressive environment by causing T cells to become dysfunctional [6] [7] [8] . On the other hand, a positive abscopal effect (i.e. the regression of metastases outside the radiation field) can be mediated by boosting T cells against the tumor, as observed in mice by combining local radiation with growth factors for dendritic cells [9] . This abscopal effect appears to be related to the biologically effective radiation dose [10] . The effects of RT and ICIs have been investigated in many preclinical studies. Deng et al. [8] demonstrated that PD-L1 was up-regulated in the tumor microenvironment after RT. Administration of anti-PD-L1 improved the efficacy of RT through a cytotoxic T cell-dependent mechanism, suppressing the accumulation of tumor-infiltrating myeloidderived suppressor cells (MDSC). Furthermore, reduction in MDSC also appeared to be caused by tumor necrosis factor (TNF), possibly derived from the activation of cytotoxic T cells by the RT-ICI combination itself.
Several immune response modifiers, including interleukin-2 (IL-2), have demonstrated synergistic anti-tumor effects with RT [11] . Some studies have shown positive outcomes in mouse models with RT and cytokines including IL-3, IL-12, and TNF [12, 13] ; however, the clinical use of these combinations has been limited due to interleukin toxicity. A role for Flt3-L growth factor in inducing anti-tumor immunity in mouse tumors has been reported. Concomitant RT (60 Gy) prevented the development of lung metastases and improved disease-free survival compared to RT or Flt3-L alone. However, the high single radiation dose has limited clinical feasibility [14, 15] .
The combination of radiation therapy and CTLA-4 blockade (9H10 monoclonal antibody anti CTLA-4) has been tested in a metastatic mouse mammary carcinoma 4T1 model: mice treated with radiation and 9H10 monoclonal antibody had improved survival, which was associated with fewer lung metastases, likely related to an immune-mediated abscopal effect. [16] .
It is important to consider that, in addition to the effects of RT on the microenvironment and on the release of tumor-specific antigens for T-cell recognition, RT also has immunosuppressive effects. In fact, RT of pancreatic cancers in mice resulted in a higher proportion of activated macrophages with immunosuppressive phenotypes and increased recruitment of T cells with regulatory phenotypes [7] . However, treatment with macrophage colony-stimulating factor 1 (m-CSF) blockade has been shown to partially reduce the immunosuppressive effect of RT [16] . Radiation also increases CCL2 chemokine production, causing recruitment of Ly6C
? /CCR2 ? monocytes that enhance cancer proliferation and neoangiogenesis. This mechanism can be prevented by combining RT with an anti-CCL2 antibody. In a study on murine lung cancer, the combination of NHS-IL2, an antibody specific for necrotic DNA fused to modified human IL-2, and cisplatin (CDDP) with RT was more effective than control [17] .
These preclinical studies have shown how important the combination of RT and immune response modifiers can be, some of which have been subsequently investigated in clinical trials.
Our observation of increased survival with combined radiotherapy and immunotherapy in lung cancer patients is in line with these preclinical data [18] . In particular, 20% of our patients (all highly pretreated) are still reporting disease control after long-term follow-up. Two patients received stereotactic radiation treatment on pulmonary lesions. One of these patients developed radio-induced interstitiopathy requiring discontinuation of treatment with nivolumab for more than 3 months, but maintained stable disease even without immunotherapy. The other patient received palliative radiation on the mediastinum (36 Gy in 12 fractions) before ICI. In our series, the best results in terms of both overall survival (OS) and progression-free survival (PFS) have been achieved in patients who received combined treatment comprising immunotherapy and stereotactic RT on primary pulmonary lesions. This scenario is actually evaluated in some clinical trials, such as the randomized I-SABR study, which explores the addition of nivolumab to stereotactic radiotherapy in early lung cancer and solitary pulmonary metastases, and the PembroX phase II trial, in which patients with NSCLC planned for surgical resection (stages I-IIIA) are randomized to preoperative pembrolizumab alone or pembrolizumab and radiotherapy with a single stereotactic fraction of 12 Gy delivered to 50% of the primary tumor.
Many other studies have been conducted or are currently ongoing to evaluate concurrent radiation-immunotherapy and sequential radiation-immunotherapy in different tumor settings (Table 1) .
Preliminary results have been reported for some of these trials. In a phase Ib trial, a necrotic DNA-specific antibody conjugated with a modified human IL-2 (NHS-IL2) has been investigated in NSCLC patients who achieved disease control after first-line platinum-based chemotherapy for metastatic disease, in combination with palliative radiotherapy to the primary tumor or metastasis (20 Gy in five daily fractions): a median PFS of 2.9 months and median OS of 8.6 months were reported [17] . In another phase II trial, patients with chemo-refractory advanced NSCLC were treated with anti-CTLA4 ipilimumab within 24 h of starting palliative radiotherapy to at least one metastatic lesion (30 Gy in five fractions), with two achieving complete response, three with stable disease or partial response, and seven with disease progression, with significant toxicity [19] . The combination of recombinant MAGE-3 protein and radiotherapy in patients with unresectable stage III NSCLC was investigated in one of four study cohorts; in this cohort the patients were treated with at least two cycles of chemotherapy followed by sequential radiotherapy and then MAGE-A3 immunotherapy [20] . A phase III trial studied the role of adjuvant MAGE-A3 in resected NSCLC without prolongation of disease-free survival compared to placebo. Tecemotide (L-BLP25) is the best-studied immunotherapeutic agent that has been administered with chemoradiotherapy. Tecemotide is a mucin 1-specific immunotherapy and is a synthetic peptide designed to induce T-cell responses to the mucin 1 that is expressed on the surface of tumors [21, 22] .
The results of a phase III trial comparing maintenance tecemotide with placebo in stage IIIB/IV patients who had not progressed on either prior chemotherapy or chemoradiotherapy offer insights into the interplay between radiation and immunotherapy [23] . The trial did not demonstrate improvement in median OS between the maintenance and placebo arms; however, it did suggest that the patients randomized to tecemotide within 12 weeks of completing first-line treatment had better rates of OS than those on placebo. Moreover, patients who received radiation as part of first-line treatment prior to tecemotide also saw an OS advantage. The phase III START trial randomized patients with stage IIIA or IIIB NSCLC in a 2:1 fashion to receive placebo or tecemotide in the maintenance setting following the completion of concurrent or sequential chemotherapy and radiation [24] . The authors determined that tecemotide was not associated with an OS benefit in the general population of unresectable stage III patients; however, the trial did show a benefit for patients receiving concurrent chemoradiotherapy.
However, the most important results have been reported from the PACIFIC trial, which was the first study to show a clear benefit for the integration of immunotherapy with concurrent chemoradiotherapy [25] . The PACIFIC trial was a phase III double-blind randomized placebocontrolled trial. Patients who did not progress following definitive platinum-based chemotherapy (C 2 cycles) concurrently with radiotherapy were enrolled. Patients were randomized in a 2:1 fashion to 10 mg/kg of durvalumab (PDL-1 inhibitor) every 2 weeks versus a similarly administered placebo. The median PFS was 5.6 months in the placebo arm and 16.8 months in the durvalumab arm. In addition to the impressive PFS data, the objective response rate (ORR) was significantly higher in Ongoing the durvalumab arm than in the placebo arm (28.4 versus 16%, respectively; P = 0.001).
Responses in the placebo group were attributed to continued tumor regression following radiotherapy. Treatment with durvalumab also reduced the incidence of progression with brain metastases. On the basis of this trial, durvalumab was approved by the US Food and Drug Administration for use as a maintenance therapy following the completion of platinumbased chemoradiation in unresectable lung cancer [26] . In December 2018, Antonia et al. NSCLC non-small cell lung cancer, NHS-IL2 necrotic DNA-specific antibody conjugated with a modified human IL-2, RT radiotherapy, PFS progression-free survival, OS overall survival, CR complete response, PR partial response, SD stable disease, PD progressive disease, CT chemotherapy, IO immunotherapy, SABR stereotactic ablative radiotherapy published updated results for the PACIFIC study, which showed a 24-month OS rate of 66.3% in the durvalumab group, compared with 55.6% in the placebo group. Durvalumab significantly prolonged OS as compared with placebo (stratified hazard ratio for death, 0.68; 99.73% CI, 0.47-0.997; P = 0.0025). Updated analyses regarding PFS were similar to those previously reported, with a median duration of 17.2 months in the durvalumab group and 5.6 months in the placebo group [27] . Other ICIs have also been used in combination with RT. Concurrent atezolizumab (PD-L1 inhibitor) and chemoradiation followed by atezolizumab consolidation and maintenance was found to be safe and showed promising efficacy in patients with locally advanced nonsmall cell lung cancer in the phase II DETERRED trial. In part I of this single-institution study, 10 patients underwent chemoradiation therapy (CRT) with low-dose carboplatin/paclitaxel followed by high-dose consolidation chemotherapy plus atezolizumab and atezolizumab maintenance for 1 year. Six patients in this group (60%) experienced grade 3 or higher adverse events (AEs). In part II of the study, 30 patients received concurrent atezolizumab and CRT followed by the same consolidation and maintenance used in part I, and 17 (57%) experienced grade 3 or higher AEs. Preliminary survival data showed median PFS of 20.1 months in part I, whereas PFS was not reached in part II. Median OS at 1 year was 60 and 77% in parts I and II, respectively. Grade 3 or higher AEs were associated with atezolizumab in 30 and 23% of patients in parts I and part II, respectively. Grade 2 radiation pneumonitis was seen in two patients in each group [28] . A comparison of the regimens used in the DETERRED and PACIFIC trials is planned.
Results of the phase II LUN14-179 trial of consolidation pembrolizumab following concurrent CRT in patients with unresectable stage III NSCLC were recently published. The primary endpoint was time to metastatic disease or death (TMDD). Median TMDD was not reached, but the estimates of 1-year and 2-year OS were 80. 5 [29] .
The success of ICIs in NSCLC has opened the door to studies combining immunotherapy with radiation, which remains an important weapon against locally advanced and metastatic disease. Although the preclinical studies have expanded our knowledge regarding the interaction of RT and ICI with the tumor microenvironment, it is difficult to translate these new data to the clinical setting. The mechanisms inducing the synergistic effect of RT and immunotherapy are not completely elucidated, and much effort is needed on this front. Based on the results published thus far, the safety of the combination is not a limiting factor, but the potential risk of pneumonitis in patients treated with combined RT and ICIs seems to be an important consideration.
Many studies are evaluating the role of biomarkers such as PD-L1 or tumor mutational burden (TMB) in defining molecular predictors of response. The evaluation of factors derived from both the tumor microenvironment and the immune system as proxies of treatment efficacy could be important. The dynamic nature of immune functioning and response suggests the need for dynamic testing as well, such as repeated biopsies during combination treatment.
In conclusion, the integration of immunotherapy and radiotherapy is a biologybased and clinically feasible approach, particularly in early-stage NSCLC. Further prospective studies are needed to better assess the timing, efficacy and safety of this combination.
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